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Video-imaging microfluorometry identifies a- and b-like cell
types in Madin-Darby canine kidney monolayers. On the basis of
intracellular accumulation of c-SNAFL-2, we have identified
three cell subtypes in Madin-Darby canine kidney (MDCK)
monolayers. Highly fluorescent cells (HFC) have a high intracel-
lular pH (pHi), whereas cells with medium fluorescence (MFC)
have low pHi when perfused with buffer containing 125 mM Cl
2.
HFC express a Cl2/HCO3
2 exchanger on the apical but not the
basolateral membrane. MFC express a Cl2/HCO3
2 exchanger on
the basolateral but not the apical membrane. We have termed
these cells b- and a-MDCK cells, respectively. Cells with low
fluorescence (LFC) probably extrude c-SNAFL-2 through a
monocarboxylate transporter, because p-4-(chloromercuri)phen-
ylsulfonic acid (PCMBS), an inhibitor of this transporter, leads to
homogeneous fluorescence.
Madin-Darby canine kidney (MDCK) cells were derived
from the canine kidney, although their precise cellular or
tubular origin is unknown. Several properties of MDCK
cell monolayers are like those of the cortical collecting
tubules [1]. MDCK wild-type monolayers are not homoge-
nous. Not all cells in a monolayer bind peanut lectin on
their apical cell membrane [2], and cells cloned from
MDCK monolayers have properties similar to principal
cells (C7 cells) and to both the a- and the b-intercalated
cells (C11 cells) of the cortical collecting tubule [1]. In this
study, we investigated whether the transporters mediating
HCO3
2 secretion and reabsorption colocalize in all cells or
are present in separate cell subpopulations in wild-type
MDCK cell monolayers.
METHODS
MDCK cells were cultured in 25-cm2 flasks (Falcon,
Becton Dickinson, Heidelberg, Germany) in Dulbecco’s
modified Eagle’s medium (DMEM; Biochrom, Berlin, Ger-
many) supplemented with 10% basal medium support
(Biochrom) while the cells were kept in a cell incubator at
37°C and 5% CO2. The medium was renewed every two to
three days. For these experiments, cell passage 117 was
subcultured by incubating with 0.25% trypsin (Serva, Hei-
delberg, Germany) and 0.1% ethylenediaminetetraacetate
(Titriplex III, Merck, Darmstadt, Germany) in 110 mM
NaCl for five to eight minutes. After cell detachment, 1 mg
soybean trypsin inhibitor (type II-S; Sigma, Deisenhofen,
Germany) in 5 ml DMEM per ml trypsin solution was
added and the cell suspension transferred either to collagen
A (Biochrom)-coated permeable supports (cell culture
inserts, 9-mm diameter; 0.45-mm pore size; Falcon) or to
Easy-Grip 35 3 10-mm cell culture dishes (Falcon). Inserts
and dishes remained in the incubator until the monolayers
reached confluency. The cells were then loaded with fluo-
rescence indicator (the seminaphtofluorescein derivative
c-SNAFL-2-DA; Molecular Probes, Junction City, OR,
USA) after washing several times with Dulbecco’s phos-
phate-buffered saline (D-PBS) and incubation with 10 mM
c-SNAFL-2-DA in D-PBS for 5 to 20 minutes. To obtain
the histograms or to study the effect of 4-(chloromercuri)-
phenylsulfonic acid (PCMBS; 100 mM, 60 minutes, 37°C,
5% CO2), confluent monolayers on dishes were excited at
the pH-independent wavelength of 520 6 2 nm. For
measurements of intracellular pH (pHi) cell monolayers on
inserts were placed in a chamber and perfused with mM 5
KCL, 1 MgSO4, 1 Ca-Lactate, 21 NaHCO3, and 5 glucose
and either 120 NaCl or 120 Na-gluconate in glass syringes
at 0.5 ml/min on both apical and basolateral sides. Both
solutions were bubbled with 5% CO2 and 95% O2 to pH
7.4. A Nikon Diaphot microscope and epifluorescence unit
were used to excite at 520 6 2 and 550 6 2 nm using
band-pass filters (Laser Components, Gro¨benzell, Ger-
many) positioned sequentially by means of a step motor-
driven filter wheel. In all experiments, images were ob-
tained through a long-pass filter (580 nm) with an
intensified CCD video camera (Proxitronic, Bensheim,
Germany) and a frame grabber (LG-3; Scion, Frederick,
MD, USA). Filter positioning, image capture, background
subtraction, and region of interest (ROI) gray-value inten-
sity measurement were performed on a computer (Power
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Macintosh) using public domain software (National Insti-
tutes of Health image program, adapted for the LG-3 by
Scion). The nigericin method was used for pHi calibration
[3]. The calibration buffer was set at pH 5.6 to 8.4 by adding
1 M NaOH to a solution containing 140 mM KCl, 30 mM
HEPES, 1 mM MgCl2, 5 mM glucose, 1 mM CaCl2, and 10
mM nigericin (Sigma). pHi in individual cells was calculated
from the ratio of the ROI gray value obtained using
software StarCalc (Star Division, Hamburg, Germany) and
log-dose curve fitting (Fpwin, Biosoft, Cambridge, UK).
Results are given as mean 6 SEM. Significances of differ-
ences were computed by analysis of variance and Scheffe´’s
test [4].
RESULTS AND DISCUSSION
c-SNAFL-2 fluorescence intensity distribution in
Madin-Darby canine kidney monolayers
Madin-Darby canine kidney monolayers had a patch-
work appearance after loading with the fluorescence indi-
cator c-SNAFL-2, regardless of whether the cells were
grown on impermeable (Fig. 1A) or permeable (Fig. 1B)
supports. Histogram evaluation of the gray value intensity
of cells grown on impermeable supports revealed three
different cell populations in the monolayer, namely, cells
with high- (HFC), medium- (MFC) and low- (LFC) inten-
sity fluorescence (Fig. 2). The same was found for cells
grown on permeable supports: the peak frequency for cell
fluorescence intensity was at 146 6 3.5 (N 5 20), 60 6 3.3,
and 16.5 6 1.0 gray values (camera settings: black level 784,
gain 894).
Effect of 4-(chloromercuri)phenylsulfonic acid on
fluorescence accumulation
Dome-forming cells showed no c-SNAFL-2 fluorescence
under usual loading conditions; the fluorescence accumu-
lated in the fluid below the dome (Fig. 1C). The patchwork
appearance of fluorescence intensity of MDCK cells mono-
layers disappeared when the cells were preincubated with
PCMBS (Fig. 1D).
Fig. 1. Images were obtained, as described in the text, from wild-type Madin-Darby canine kidney (MDCK) cells loaded with c-SNAFL-2 and excited
at 520 6 2 nm. (A) A confluent monolayer 24 hours after seeding on a cell culture dish (340). (B) A confluent monolayer 24 hours after seeding on
a cell culture insert (320). (C) Subcellular fluid of a dome obtained after a 20 minutes loading period (340). (D) A confluent monolayer loaded with
c-SNAFL-2-DA after preincubation with 4-(chloromercuri)phenylsulfonic acid (PCMBS).
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Detection of chloride/bicarbonate exchange activity
Decreasing [Cl2]apical from 125 to 5 mM significantly
increased pHi of HFC grown on permeable supports,
whereas a similar change in [Cl2]basolateral had no signifi-
cant effect (Fig. 3). Lowering [Cl2]apical from 125 to 5 mM
had no effect on pHi of MFC, whereas reducing
[Cl2]basolateral led to significant alkalinization (Fig. 3).
In summary, intracellular accumulation of c-SNAFL-2
showed three different cell populations in MDCK mono-
layers. Because the indicator was added to the incubation
buffer as the cell membrane-permeable diacetate ester, it
can be assumed that the different accumulation of fluores-
cent indicator reflects differing rates of ester hydrolysis
and/or different rates of extrusion (or diffusion) from the
cytosol into the perfusate. The fact that exposure to
PCMBS made all cells either MFC or HFC indicates that
the LFC extrude the indicator via a PCMBS-inhibitable
pathway, probably the monocarboxylate transporter [5].
This transporter has been reported previously in MDCK
cells [6].
HFC became alkaline after [Cl2] reduction on the apical
but not the basolateral side, showing that these cells behave
like b-intercalated cells. In contrast, MFC became alkaline
after [Cl2] reduction on the basolateral but not apical side,
showing that these cells behave like a-intercalated cells. We
thus named the cells b- and a-MDCK cells, respectively.
These two cells type differed in their basal pHi when
incubated in the presence of 125 mM Cl2 on both apical and
basolateral sides: the b-MDCK cells were alkaline (x# 5 7.50
6 0.025), whereas the a-MDCK cells were acid (x# 5 6.51 6
0.082). This and/or the higher carboanhydrase activity in b-
than in a-MDCK cells may contribute to the different
intracellular accumulation of the indicator [2].
pHi of b-MDCK cells returned to the basal level when
the apical [Cl2] was returned from 5 to 125 mM. This was
not the case for a-MDCK cells for the corresponding
changes on the basolateral side. We have no explanation
for this. It could be that pericellular [Cl2] changes more
slowly on the basolateral side due to the support thickness.
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Fig. 2. Histogram of gray-value intensity of 968 wild-type MDCK cells (5
cell-culture dishes) loaded with c-SNAFL-2 and excited at 520 6 2 nm.
Fig. 3. Intracellular pH measurements of Madin-Darby canine kidney
(MDCK) cells 24 after seeding. The [Cl2] (in mM) of the apical and
basolateral perfusate is shown in the box over the curves. (A) The results
from the highly fluorescent cells (**P , 0.01), and (B) those from the
medium fluorescent cells (***P , 0.001). Each point is the mean of 20
cells (except for the first control measurement lower panel, N 5 16).
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APPENDIX
Abbreviations used in this article are: DMEM, Dulbecco’s modified
Eagle’s medium; D-PBS, Dulbecco’s phosphate-buffered saline; HFC,
high-fluorescent cells; LFC, low-fluorescent cells; MDCK, Madin-
Darby canine kidney; MFC, medium-fluorescent cells; PCMBS,
4-(chloromercuri)phenylsulfonic acid; pHi, intracellular pH; ROI, re-
gion of interest.
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REFERENCES
1. GEKLE M, WU¨NSCH S, OBERLEITHNER H, SILBERNAGEL S: Character-
ization of two MDCK-cell subtypes as a model system to study
principal cell and intercalated cell properties. Pflu¨gers Arch 428:157–
162, 1994
2. DEVUYST O, BEAUWENS R, DENEF JF, CRABBE J, ABRAMOW M:
Subtypes of Madin-Darby canine kidney (MDCK) cells defined by
immunochemistry: Further evidence for properties of renal collecting
duct cells. Cell Tissue Res 277:231–237, 1994
3. THOMAS JA, BUCHSBAUM RN, ZIMNIAK A, RACKER E: Intracellular pH
measurements in Ehrlich ascites tumor cells utilizing spectroscopic
probes generated in situ. Biochemistry 18:2210–2218, 1979
4. IMMICH H: Medizinische Statistik. Stuttgart, Schattauer, 1974
5. SKELTON MS, KREMER DE, SMITH EW, GLADDEN LB: Lactate influx
into red blood cells of athletic and nonathletic species. Am J Physiol
268:R1121–R1128, 1995
6. ROSENBERG S, FADIL T, SCHUSTER L: A basolateral lactate/H1 co-
transporter in Madin-Darby canine kidney (MDCK) cells. Biochem J
289:263–268, 1993
Ebner and Marin-Grez: Identification of MDCK a and b cell subtypesS-142
